Gene expression in organisms is controlled by regulatory proteins termed transcription factors, which recognize and bind to specific nucleotide sequences. Over the years, considerable information has accumulated on the regulatory interactions between transcription factors and their target genes in various model prokaryotes, such as Escherichia coli and Bacillus subtilis. This has allowed the representation of this information in the form of a directed graph, which is commonly referred to as the transcriptional regulatory network. The network representation provides us with an excellent conceptual framework to understand the structure of the transcriptional regulation, both at local and global levels of organization. Several studies suggest that the transcriptional network inferred from model organisms may be approximated by a scale-free topology, which in turn implies the presence of a relatively small group of highly connected regulators (hubs or global regulators). While the graph theoretical principles have been applied to infer various properties of such networks, there have been few studies that have actually investigated the evolution of the transcriptional regulatory networks across diverse organisms. Using recently developed computational methods that exploit various evolutionary principles, we have attempted to reconstruct and compare these networks across a wide-range of prokaryotes. This has provided several insights on the modification and diversification of network structures of various organisms in course of evolution. Firstly, we observed that target genes show a much higher level of conservation than their transcriptional regulators. This in turn suggested that the same set of functions could be differently controlled across diverse organisms, contributing significantly to their adaptive radiations. In particular, at the local level of network structure, organism-specific optimization of the transcription network has evolved primarily via tinkering of individual regulatory interactions rather than whole scale reuse or deletion of network motifs (local structure). In turn, as phylogenetic diversification proceeds, this process appears to have favored repeated convergence to scale-free-like structures, albeit with different regulatory hubs.
The pioneering studies by Jacob and Monod suggested the existence of regulatory proteins which bind to DNA elements upstream of other genes and control their expression. These regulatory proteins, termed transcription factors, respond to different signals and in turn activate or repress the expression of their target genes at appropriate instances [1] [2] [3] [4] [5] . Following these findings, several studies over the many years have accumulated a wealth of information on individual regulatory interactions mediated by these transcription factors in various model organisms [6] [7] [8] [9] [10] [11] [12] [13] . More recently, there has been considerable interest and effort to assemble this information to derive what is termed the transcriptional regulatory network of an organism [14] [15] [16] . The topology of the transcriptional regulatory network is best modeled as a network or a graph with nodes representing transcription factors and target genes, and directed edges connecting the former to the latter [15] [16] [17] .
Several recent studies on transcriptional networks of prokaryotes and eukaryotes have shown that the structure of such networks shows three levels of organization [15] . At the most basic level, the network contains individual regulatory interactions between transcription factors and targets ( fig. 1) . At the intermediate level, studies have shown multiple basic units to be organized into functionally distinct units called network motifs ( fig. 1 ). Different types of motifs are defined based on patterns of interconnections between the basic units, and multiple copies of individual motif-types are found in different contexts within the network. Finally, at the highest level of organization, the set of all transcriptional regulatory interactions in a cell form the global structure and has been shown to have a hierarchical or a scale-free topology. In other words, such a global structure is characterized by the presence of a majority of transcription factors which regulate few genes and the presence of a few transcription factors, called the regulatory hubs, which regulate many genes ( fig. 1 ).
While there has been significant progress, due to several experimental studies performed over many years, in unraveling the transcriptional regulatory networks of various model organisms such as E. coli and B. subtilis, much less information is available on the transcriptional networks of other prokaryotes. In order to gain a better understanding of the transcriptional regulatory network in other organisms, computational methods to extrapolate this information from model organisms to poorly studied organisms by exploiting the wealth of information in the form of publicly available completely sequenced genomes have been developed [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Such methods can be broadly grouped into two classes: (i) Orthology based methods: This approach exploits the basic principle that orthologous transcription factors regulate orthologous target genes in the different genomes. This method requires the transcriptional regulatory network for a reference organism and uses the protein sequences of transcription factors and target genes in the reference network to identify orthologs in the query organism in order to infer regulatory interactions in the genome of interest.
(ii) Binding site profile based methods: This approach requires reliable information on the DNA binding site for a transcription factor. Further, it exploits the fact that presence of the same binding site upstream of different genes in a closely related species would imply a regulatory influence of an orthologous transcription factor on the expression of the nearby gene through the same binding site. Both these methods have their advantages and disadvantages; the former method allows prediction of conserved interactions and loss of interactions in distantly related organisms but does not facilitate discovery of novel targets for a given transcription factor. In contrast, the latter method allows detection of (ii) At the local level, the basic unit forms network motifs, which are small patterns of interconnections with specific information processing ability. (iii) The set of all regulatory interactions in an organism, which is a representation of the transcriptional program of a cell, is referred to as the global structure of the network. The observed general evolutionary trends at the three levels of organizations of the network suggest that transcriptional regulatory networks in prokaryotes are very flexible and rapidly adapt to changes in environment by tinkering individual interactions to arrive at an organism specific optimal design. novel targets for a transcription factor but is not applicable to distantly related genomes because DNA regulatory elements are shorter and evolve much faster than the protein-coding sequences, hence making detection of new interactions unreliable.
The availability of complete genome sequences of over 300 prokaryotes and the understanding of the structure of transcriptional regulatory networks have allowed us to address several fundamental questions on the origins and evolution of the transcriptional regulatory networks. In addition, the availability of the previously discussed methods has provided us with an opportunity to identify the distinct evolutionary trends in shaping of transcriptional regulatory networks at various levels of organization. In this chapter, we review the results from recent studies which have addressed these questions at various levels of resolution and present a summary of the general trends that can be discerned.
Evolution of Transcription Factors and Target Genes
Regulatory interactions between transcription factors and target genes could potentially evolve through two distinct modes: (i) in which both the transcription factor and the target gene co-evolve, i.e. present or absent as a pair or (ii) the transcription factor and the target gene evolve independently of each other. Our analysis of the conservation patterns (employing the orthology based method) of the genes and the regulatory interactions across 175 different prokaryotes revealed several interesting trends [29] .
Using the E. coli transcriptional regulatory network, which consisted of 112 transcription factors, 755 target genes and 1,292 regulatory interactions, as the reference network, we found that the evolutionary retention of transcription factors in other organisms is lower than their target genes. The relatively low retention of transcription factors in other organisms does not mean that the regulatory influences on the more highly retained target genes are absent. We found that each organism has evolved its own set of transcriptional regulators that are not orthologous to other proteins suggesting innovation of regulatory proteins, possibly to sense new signals in changing environments and provide a new set of regulatory influences on target genes. Thus evolutionary forces appear to independently retain or discard transcription factors and their targets, with a higher frequency of loss or replacement of the former.
Several studies along these lines have recently demonstrated that there is a non-linear increase in the number of transcription factors encoded as the genome size of the organism increases [30] [31] [32] . These observations suggest that as genome size increases, more transcription factors are needed to regulate specialized groups of genes individually. Alternatively, it may also suggest the need to integrate distinct inputs in order to introduce more layers in the regulatory hierarchy of metabolically or organizationally complex organisms with large genomes. These studies also revealed that (i) in parasites with small genomes, transcription factors have been lost due to absence of selective pressure for regulating target genes. These parasites could depend on the host cellular machinery for the fulfillment of roles performed by some of their proteins and (ii) in larger genomes, target genes are often controlled by additional regulators or regulators that are non-orthologous, so that there is an integration of a variety of different inputs that are typically dependent on the environmental niche of the organism [29, 32, 33] . For instance, in a number of phylogenetically distant free-living bacteria, including proteobacteria, Bacillus subtilis and Streptomyces, there is an expansion of the so-called one-component transcription factors of the LysR family, which sense a wide range of small molecule ligands. However, there are no homologs of such transcription factors in any of their close relatives, which are obligate pathogens. This is consistent with the need to sense a similar set of environmental metabolites by all of the above-mentioned free-living bacteria.
At the level of regulatory interactions, we found that organisms which are phylogenetically distantly related but share similar environmental life-style tend to significantly conserve regulatory interactions, hinting a prominent influence for environment or life-style in selecting for their conservation. For example, bacteria with comparable genome size, such as several species of Bacillus, Corynebacterium and Mycobacterium, whose principal habitat is the soil, conserve orthologous regulatory interactions. Likewise, the obligate or intracellular parasites from diverse bacterial clades, namely Mycoplasma, rickettsiae and chlamydiae, conserve similar regulatory interactions. To test the generality of this observation, an index which measures similarity in network structure and lifestyle (LSI) was developed [29] which revealed the existence of a strong evolutionary trend: organisms belonging to the same lifestyle have a significantly higher number of regulatory interactions in common in comparison to organisms from other lifestyle classes.
In addition, analysis of the conserved regulatory interactions in the different genomes allowed us to speculate about the components of the ancestral networks in the different phylogenetic lineages. The common ancestor of archaea and eubacteria appears to have had quite a few global regulatory proteins (with more than 14 target genes) such as Crp (cAMP receptor protein/regulator), Fnr (fumarate nitrate reduction regulator) and Lrp (regulator for leucine regulon). The predicted ancestral network at this level might have contained up to 62 TFs that regulate genes required for basic processes that sustain life, which include regulators for genes involved in purine biosynthesis, fructose utilization, xylulose utilization, iron uptake, fatty acid biosynthesis, anaerobic respiration and amino acid biosynthesis. There has been gain of specific regulatory systems in course of eubacterial evolution. These include transcriptional regulators that can sense a variety of different sugar molecules and their target genes that utilize these sugars (e.g. mellibiose, mannitol, glucitol, galactose, etc.) to generate energy. Within particular bacterial lineages, e.g. the firmicute lineage, which includes the endospore-forming bacteria and actinobacteria, appears to have lost regulatory systems that can utilize L-idonate, and the sulphur utilization system. Further, in the proteobacteria and cyanobacteria, there have been multiple instances where various regulatory systems have been lost in the different lineages. These results point to the possibility that several regulators were present in the ancestral genome but have been lost, displaced or retained as organisms colonized and adapted to new environmental niches.
Evolution of the Local Network Structure
Regulatory networks can be fragmented into fundamental regulatory subsystems or motifs which when put together reconstruct the entire network. In the case of the E. coli network, three types of motifs (1) feed-forward motif, (2) single input motif and (3) multiple-input motifs have been discerned through a combination of computational and a series of experimental studies aimed at understanding their functions [34] [35] [36] [37] [38] [39] . Such studies have elucidated that the feed-forward motif could ensure regulation of target genes only when a persistent signal is received, thereby filtering noise or fluctuation in the input signal. It was also demonstrated that the single input motif could co-ordinate global changes in gene expression and could enforce an order in the patterns of gene expression of its targets and that the multiple input motif could integrate different signals and hence could differentially regulate the target genes.
In principle evolution of these network motifs could follow any of the following trajectories: (i) a trend where all interactions in a network motif are conserved in other organisms or (ii) a trend where motifs are not conserved as complete units due to which individual interactions may be lost or gained during the course of evolution. Given that the network motifs have specific information processing ability, one might expect these motifs to be conserved as relatively rigid units (all the components of the motifs are conserved) once they have emerged. However, analysis of the conservation patterns of these network motifs across the 175 genomes [29] revealed the contrarily that network motifs are not conserved as complete units in other organisms. At a first glance, it was surprising to find that organisms which were evolutionary close did not conserve regulatory network motifs whereas several organisms which were distantly related conserved orthologous network motifs ( fig. 2a) . For example, Fnr (a global regulator, activated during low oxygen levels), NarL (transcriptional regulator of a two-component signal transduction system) and NuoN (subunit of the NADH dehydrogenase complex I) form a feed-forward motif in E. coli, which is not completely conserved as a unit in other gamma proteobacterial genomes. In contrast, all the interactions in this motif are conserved in several distantly related genomes such as the beta-proteobacterium B. pertussis and the firmicute D. hafniense ( fig. 2b) . Further careful analysis revealed the role of the environment in shaping the structure of these network motifs. It was found that in instances where the network motifs were not conserved in closely related organisms, they had significant differences in their life-styles. Strikingly, in Loss or gain of transcription factors can embed orthologous target genes in different motif contexts
Fig. 2. Evolution of network motifs. a A feed-forward motif formed by transcription factors Fnr, NarL and NuoN in E. coli is completely conserved in a closely related genome,
Salmonella typhi, but not in other gamma-proteobacterial genomes. b Distantly related organisms that have preserved all interactions in the regulatory motif and that have conserved the regulatory hub, Fnr. c Analysis of partially conserved motifs revealed that by losing (or gaining) specific transcription factors, orthologous genes in different genomes could be embedded in different motif contexts. Thus evolution tinkers with specific regulatory interactions when orthologous genes in organisms living in a different environment need to be expressed differently. In these figures the TFs and TGs are represented by dark grey circles and light grey circles, respectively, while white circles denote their absence.
instances where distantly related organisms were found to conserve regulatory network motifs, it was seen that they had a considerable similarity in their lifestyle. A comprehensive analysis to assess the generality of this observation where organisms were grouped according to their lifestyle similarity and assessed for similarity in their network motif content revealed a statistically significant trend that organisms with similar lifestyle tend to regulate their target genes by means of similar network motifs [27] .
It was not immediately clear how local network structure or network motifs of organisms evolve with diversification of life-style or environments. A case by case analysis of some of the partially conserved regulatory network motifs of organisms living in different environments revealed that by losing or gaining individual transcription factors, orthologous target genes could be potentially expressed in different ways according to the requirements of the organism. This meant that by losing or gaining individual regulatory proteins, organisms living in different environments can regulate orthologous target genes through different network motifs [29] . For instance, genes which are regulated through a feedforward motif (FFM) can be regulated as a part of a single input motif (SIM) by losing a transcription factor ( fig. 2c) . Note that the regulation of a gene through a FFM would ensure that the target gene expression is not sensitive to fluctuations in input signals. Whereas regulation through a SIM would ensure expression of target genes as long as there is some input signal, for instance, the presence of a particular metabolite. Likewise, target genes regulated through a multiple input motif (MIM) in one organism can come to be regulated through a single input motif (SIM) by losing one of the transcription factors ( fig. 2c ).
For example, in E. coli, which is adapted to a lifestyle with largely fixed aerobic and anaerobic phases, the fumarate reductase genes (FrdB and FrdC, which converts fumarate to succinate under anaerobic conditions to derive energy) are not expressed unless there is a persistent signal for lack of oxygen received through a feed forward motif involving both Fnr and NarL. In contrast, Haemophilus influenzae, which encounters rapid redox fluctuations during host infection and needs to regulate the fumarate reductase genes more quickly than E. coli, appears to depend solely on Fnr for the response by employing a single input motif. Thus by losing a transcription factor, genes that are tightly regulated through a FFM can be regulated in a much simpler manner ( fig. 2c) .
These observations reveal an important principle in the evolution of network motifs that orthologous genes in related organisms living in different environments may acquire distinct patterns of gene expression by embedding them in appropriate motif context in order to adapt better to changing environments [40] [41] [42] [43] [44] 29] . Our findings also indicate that different organisms arrive at the best possible solutions to regulate the same gene by tinkering specific regulatory interactions in order to optimize expression levels rather than by duplicating groups of genes which are already a part of a motif. In this context, other studies on duplicated genes within the transcriptional regulatory network of E. coli and yeast [45] [46] [47] have shown that network motifs have not evolved by duplication of complete ancestral motifs lending support to our interpretation that the same interactions, which is a part of a motif in one organism, could have existed in different regulatory contexts in their ancestral genomes.
Evolution of the Global Network Structure
Results from graph theoretical studies and the fact that global regulatory hubs control the expression of several genes suggested that such hubs would assume importance in transcriptional networks and hence be more conserved in evolution than other transcription factors. In our investigation on the evolution of the global structure of prokaryotic transcriptional regulatory networks [29] , we observed that transcriptional regulatory hubs are not preferentially retained than any other transcription factors in the network (fig. 3a) . Careful analysis of the transcription factors which were lost in other organisms revealed that these are regulatory hubs that were largely condition specific (narL, crp, etc.) and 3 . Conservation v/s connectivity plot for the transcription factors in the transcriptional network of E. coli. a Fraction of the 330 genomes conserved against the number of target genes for a transcription factor. The connectivity in terms of the number of target genes for the transcription factor shown in black is three. b Fraction of the genomes conserved against the number of regulatory partners for a given transcription factor. The number of coregulatory proteins for the transcription factor shown in black is two as it co-regulates its target genes with two other transcription factors. arcA is anaerobic respiration regulatory protein, ihf is integral host factor and fur is ferric uptake regulator.
hence were lost in instances where the organism would not experience such a condition. For instance, an organism which has been adapted to live in an aerobic environment could dispense global regulators which are required only under anaerobic condition in order to optimize its genome content and to minimize resources spent by reducing expression of unwanted proteins. Our work also revealed that non-global regulatory transcription factors which control expression of specific regulatory systems are also largely dispensable if there is no selective advantage. For example, in the opportunistic pathogen P. aeruginosa, which actively utilizes phenolic compounds, the transcriptional regulators, MhpR, HcaR and FeaR, can sense the compounds and activate target genes that encode enzymes involved in their catabolism. However, more obligate pathogens like Staphylococcus aureus and Campylobacter jejuni, which do not typically face phenolic compounds in their natural niches, lack both the regulators and their target genes for the utilization of these aromatic compounds. Thus it appears that the absence of any selective pressure to maintain a regulatory protein would render even the global regulatory hubs dispensable, just like any other transcription factor in an organism.
In a recent study on the yeast transcriptional regulatory network [48, 49] , we showed that global regulators can be of two distinct types: (i) those that regulate several of their targets in an autonomous manner and (ii) those that integrate signals through different transcription factors and hence combinatorially regulate the expression of their targets. In the light of our finding that there are two classes of global regulatory hubs, we assessed the existence of a trend that global regulators which tend to regulate several targets by themselves would be evolutionarily more conserved than those hubs which co-regulate with several other transcription factors. Our analysis showed that there is no such trend and that both classes of regulatory hubs tend to evolve like any other transcription factor in the genome ( fig. 3b) . Upon a closer look, we observed that in the E. coli transcriptional network, the regulatory hubs which had many target genes were also, in general, the ones which also have many co-regulatory partners indicating that autonomous hubs are far less in number than the integrator-type regulatory hubs.
Given that the global regulatory hubs are not conserved in evolution, we compared the experimentally characterized regulatory network of E. coli and B. subtilis to understand if there were any differences in the overall topology of the networks from organisms living in different environments. Even though our analysis revealed that the topology of both the networks adopted a similar scalefree structure, it also pointed to the fact that the proteins which emerge as global regulatory hubs in the two organisms are not evolutionarily related. For example, CcpA (which is activated by phosphorylation events) and Crp (which is activated by the presence of cAMP) are the two regulatory hubs in B. subtilis and E. coli respectively controlling many genes involved in carbon metabolism. Both have very different modes of regulation and are not evolutionarily related. This suggests that regulatory hubs have been independently innovated to regulate orthologous target genes in organisms living in different environments. These observations provide strong support that the hierarchical structure of these networks has converged to a similar scale-free topology, albeit with independently recruited regulatory hubs. We believe that such an emergence of evolutionarily unrelated proteins to the status of a regulatory hub can be explained because the binding affinity and specificity of a transcription factor and its target site can be affected by relatively small changes in the DNA-binding interface of the transcription factor, or in the binding site [50] . As a result DNA-binding domains could evolve new target sites relatively easily, resulting in rapid de novo emergence of new transcriptional interactions.
Taken together our observations suggest general principles of evolution at the level of global regulatory proteins: (i) transcription factors which are condition specific, be it global regulatory hubs or transcriptional regulators of specific systems, are dispensable in the absence of any selective pressure to maintain them in an organism. (ii) The extent of advantage conferred by orthologous transcription factors to the fitness of an organism might vary across organisms depending on the environment and hence during the course of evolution different proteins may emerge as regulatory hubs in organisms colonizing different niches. (iii) Though different proteins emerge as regulatory hubs, transcriptional regulatory networks tend to approximate a scale-free topology, suggesting that this is a global property, which is enforced entirely independently of the evolutionary forces on the constituent elements of the network [29] .
Conclusion
Transcriptional networks, which can be studied at three distinct levels of organization, have been shaped by disparate forces acting at different levels. At the level of the components which comprise these networks, i.e. transcription factors, target genes and regulatory interactions, we observe that (i) the transcription factors complement changes more rapidly than the target genes, with organisms colonizing different ecological niches by evolving their own set of novel transcriptional regulators. This suggests that a major factor in the emergence of new life-styles is the evolution of distinct repertoires of transcription factors, which probably integrate new input signals. (ii) Organisms with similar life-style tend to possess similar regulatory interactions.
In terms of trends which are seen in the evolution of network motifs, we note that (i) network motifs which have the ability to finely regulate the expression of the target genes are not conserved as rigid units across the different organisms. However, organisms with similar life-style tend to regulate orthologous target genes through similar network motifs suggesting that regulation of genes through appropriate motifs could confer advantage to an organism. (ii) We also note that by losing or conserving specific transcriptional regulators, orthologous genes in different genomes can be incorporated within different regulatory contexts and can thereby easily exhibit different patterns of gene expression. This suggests that natural selection tinkers with individual interactions to arrive at an optimal design to regulate a gene in a given organism.
Finally, at the level of the global network structure, we note that (i) conservation of transcription factors is independent of the number of target genes they regulate or the number of other transcription factors with which a given regulator interacts. Instead, it appears that the determining factor for the retention of a transcriptional regulator appears to be the life-style of the organism.
(ii) Additionally, it appears that the same transcription factor can have differential functional relevance for organisms living in different environments due to which evolutionarily unrelated proteins could emerge as hubs in different organisms during the course of evolution. Though different proteins emerge as regulatory hubs, the overall scale-free topology is maintained suggesting that such a structure has evolved convergently and is an emergent property in evolution.
The computational methods developed in our study and those of others, when integrated together with the results from experimental studies which employ recently developed techniques (such as DamID [51], ChIP-chip [52] [53] [54] , CLIP [55] , 1-and 3-hybrid experiments [56] and 2D-EMSA [57] ) could complement each other in uncovering the details of transcriptional control in poorly characterized organisms. The predictions from such integrative approaches might allow better design of experiments for biochemical engineering and anti-pathogen therapeutics.
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